The isolated chloroplasts from
Stellaria media show a progressive fall in a c tiv ity approaching zero in 3-6 hr. F o u r different strains of th e p lan t were grow n w hich showed differences in th e sta b ility of chloroplasts after rem oval.
2. Two m ethods h ave been used to m easure th e ac tiv ity of chloroplasts: (a) The measurement with H b 0 2 of oxygen produced from ferric potas sium oxalate as previously described.
(b) T he m easurem ent o f th e ra te o f reduction of m ethaem oglobin in presence of atm ospheric oxygen, th e m ethaem oglobin being reduced by th e ferrous iron.
3. The Q0r> , m easured as ra te of oxygen production calculated on the basis of d ry w eight of leaf tak en , is a b o u t 20. T he Q0i, m easured as ra te of m ethaem oglobin reduction, generally appeared less as th e reduction of m ethaem oglobin b y ferrous iron is relatively slow. 4 . T he red u ctio n of m ethaem oglobin in presence of ferric potassium oxalate h as been stu d ied q u a n tita tiv e ly from th e po in t of view of iron, m ethaem oglobin, an d chloroplast concentration.
5. T he effect of different light intensities on th e ferric oxalate reaction is sim ilar to th e effect of vary in g light in ten sity on photosynthesis in whole p lan ts a n d lies w ith in th e range of values found by different workers. 6 . T he ferric oxalate reactio n is inh ib ited by ureth an e. Phenyl urethane inhibits in m uch sm aller concentrations th a n eth y l urethane. The effective concentrations of u reth an e are sim ilar to those affecting photosynthesis.
7. I t is concluded from th e p resen t observations th a t th e light reaction in vegetable photosynthesis is th e pro d u ction of th e oxygen molecule and is n o t th e reduction of carbon dioxide.
I n tr o d u ctio n
The photosynthesis of green plants is characterized by the production of molecular oxygen when the living cells containing chlorophyll are illuminated. The oxygen, however, is only produced when carbon dioxide is taken up, and no other substance at present known will cause the photo synthetic reaction on the living cell. The chloroplasts, which are organized [ 238 ] subcellular units containing chlorophyll, will themselves evolve traces of oxygen in light after removal from the cells. It was shown (Hill 1939) that, in light, chloroplasts would reduce ferric oxalate to ferrous oxalate and that an equivalent amount of oxygen was set free. This reaction, here referred to as 'the ferric oxalate reaction', was capable of measurement and is probably the first indication of any measurable activity apart from the whole cell which has any bearing on photosynthesis. The chloroplasts, after removal from cells, have this property of evolving oxygen from certain hydrogen acceptors, but carbon dioxide will not act as a hydrogen acceptor. Moreover, the oxygen produced by isolated chloroplasts is maintained only at a very low pressure of 2-4 mm. Hg; a possible explana tion of the low pressure of oxygen is the re-oxidation of some hydrogen acceptor. In spite of this, however, with the help of the respiratory pig ment, haemoglobin, it is shown that the chloroplasts over this low range of oxygen pressure have a high activity when compared with other biological systems. The fact that the chloroplasts will produce molecular oxygen from substances other than carbon dioxide, gives a possibility of analysing the photosynthetic mechanism from a more chemical point of view. Hence it is of primary importance to establish, by varying external and internal factors, the behaviour of the chloroplast outside the living cell. The present paper is concerned with the effect of varying light in tensity and the inhibiting effect of urethane on the ferric oxalate reaction. In a previous investigation it was found that cyanide and hydroxylamine had very little effect on the ferric oxalate reaction of chloroplasts, yet they are known to affect photosynthesis. The object of the present investigation is to extend the comparison of the ferric oxalate reaction with the present knowledge of photosynthesis.
The oxygen output has been determined by using haemoglobin and the reduction of iron by using methaemoglobin. The activity, or rate of reaction observed, is expressed as a positive Q0i calculated from the dry weight of the actual leaves used for the preparation of the chloroplast suspensions; this refers all the data to the original plant tissue.
Method and m aterials
The experiments were carried out in tubes of 1-5 cm. diameter. The chloroplasts were used in a dilution so that the total absorption of light was small. The illuminating device consisted of a projection lamp (Mazda projector lamp Class A l, 200 V, 250 W) with a lens system and trough of water as follows. Immediately beneath the spectroscope are the cups of the spectrocolorimeter described by Hill (1936): 0 Projector lamp. 5-1 cm. Condensing lens, focal length 5-1 cm., diameter 4-7 cm. 10-1 cm. Water trough, for cooling, thickness 5-1 cm. 16*2 cm. Lens, focal length 20-3 cm., diameter 6 cm. 17 • 2 cm. Ground-glass screen. 19*4 cm. Water trough for containing experimental tubes, thickness 3-0 cm. 23-9 cm. Aperture of Zeiss microspectroscope.
The method of estimating the intensity of illumination was as follows: The illumination of the lamp used in foot-candles was known (supplied by makers) and the light transmitted by our system of illumination was compared with the original source. The comparisons were made with the times taken for a P. O.P. paper (Paget) to reach a series of standard tints. This method is only reliable when the times of exposure for the standard and the unknown to reach the same tint are nearly equal, that is, only nearly equal intensities of illumination can be directly compared. The standard tints, which were washes of colour on paper, were calibrated by exposing the paper to known intensities of illumination until a match was obtained, when the time was recorded. The tints, six in number, were arranged in order as strips with equal spaces between them (3 mm.); the P.O.P. was put behind and the times were read for the paper to match all six tints in turn. This allows six readings to be taken for each illumination. This method does not depend on the sensitivity of the paper being strictly linear, but it was found that a linear relation held to allow variations in the time of exposure of about 50 %. This method of measuring the light intensity gives values which can be compared with data by other workers on photosynthesis where gas-filled lamps were used. The intensity of illumination was varied by using screens of oxidized copper gauze mounted between glass which were interposed between the ground-glass screen and the experimental vessel. The screens were calibrated on the Nutting photometer. The light intensities in lux were as follows: The activity of the chloroplasts from media shows considerable variation. In order to obtain repeatable results a standard method was used to obtain chloroplasts from this plant. Leafy shoots from plants, shortly before flowering, were picked at 10 a.m., the stems were placed in water for \ hr. and then the young fully grown leaves removed and soaked in tap water for at least | h r.; samples could then be taken out during the day until 6 p.m. If the leafy shoots were picked later in the day, the activity was always less, falling nearly to zero if a specimen was taken during a sunny afternoon. The chloroplast suspensions were prepared by grinding O'6 g. fresh leaves of S. media previously soaked in water with 3-0 c.c. of 12 % sucrose buffer pH 7-9 containing m/30 phos phate. The fluid was filtered through a pad of glass-wool to remove epi dermis and broken tissue. This suspension was then equivalent to 0-06 g. dry weight of leaf in 3-5 c.c. fluid and was about 4*4 x 10~3 4 m with respect to chlorophyll. The molecular absorption coefficient log10 (/0/ / ) for chlorophyll in acetone was taken as 4-6 x 104. The results of the experiments are given in terms of Q0z calculated on 0-6 g. of leaf taken in a volume of 3-5 c.c.
There are two methods of determining the activity of chloroplasts in reducing ferric oxalate under various conditions. The first method depends on the rate of oxygen production and has been described previously (Hill 1937 (Hill , 1939 . The second method is to measure the rate of production of ferrous iron and will be described in § 4.
Measurem en t of o x y g en pr o d u c t io n by chloroplasts
The muscle haemoglobin was prepared from shin beef as described pre viously (Hill 1939) .
The iron solution consisted of 0-96 g. ferric ammonium alum dissolved in 1000 c.c. of n /100 HC1. This solution was found to keep well. The potas sium oxalate was m/2. The mixture of ferric potassium oxalate and haemo globin was made up as follows. To 1 c.c. of potassium oxalate the required amount of the iron solution was added and the excess of acid neutralized with NaOH. 0*5 c.c. of m/7-5 phosphate buffer pH 7-9 was added and sufficient haemoglobin added to bring the concentration in the region of 0-7 x 10-4 g. atoms haemoglobin Fe per litre when the volume was made up to 5 c.c.
This mixture was placed in a vacuum tube 1-5 cm. in diameter and evacuated with shaking until all the oxygen had been removed. 0-4 c.c. of a chloroplast suspension was now added down the side tube and the tube evacuated again with cautious shaking. The tube was placed in the trough and illuminated, and the oxygen evolved was followed in the colorimeter, readings being taken at convenient intervals with a stopwatch.
The readings of a typical experiment are shown in figure 1 ; the rate of oxygen production is plotted for four different light intensities. It will be noticed that the results lie on a curve. For determining the rate of oxygen production, the initial slope of the curve is always used. Where this is not tim e (sec.) F ig ure 1. E x p erim en tal curves show ing oxygen evolution by chloroplasts in ferric oxalate exposed to different lig h t in tensities. H aem oglobin 0-7 x 10~4, F e 4 x 10-4, chloroplast suspension 0-4 c.c. C urve A , light in ten sity , 40,300 lu x ; curve B , 18,600 lu x ; curve C, 6200 lu x ; curve D , 2070 lux.
sufficiently pronounced the convention is adopted of taking the slope represented by the readings from the curve at 0 and 100 sec. The Q0i is arrived at in the following way. A solution of haemoglobin containing 1-0 x 10~4 g. atoms haemoglobin Fe per litre represents 2-2 cu. mm. of oxygen per c.c. when fully saturated, so 5-0 c.c. of a solution H x 10~4 g. atoms haemoglobin Fe per litre (the concentration used in the experiment) represents 11
x H cu. mm. oxygen when fully saturated. The time t in seconds which would be required for complete saturation can be measured from the curve. The dry weight of 0-4 c.c. chloroplast suspension taken is 8-6 mg. 3000 1 The Q0i is thus 11 x Hx ---x --cu. mm./mg. dry weight/hr.
Measurem en t o f r e d u c t io n of ir o n by chloroplasts
The reagent for ferrous iron, aa '-dipyridyl (Hill 1930) , was not suitable because the iron is reduced in presence of this substance by a variety of organic compounds.
Methaemoglobin, however, is reduced in the presence of oxygen by ferrous potassium oxalate giving haemoglobin which oxygenates im mediately and the oxyhaemoglobin can easily be measured. As the experi ments can be performed in the presence of atmospheric oxygen they can be carried out more rapidly and with less mechanical injury to the chloro plasts. In this method any oxygen production by the chloroplasts is neglected and the activity measured in terms of rate of reduction of methaemoglobin.
The methaemoglobin was prepared as follows. The stock solution of oxyhaemoglobin containing 1*7 g. atoms of Fe per litre was brought to pH 6-5 and treated with T2 vol. of 97 % alcohol. The bright red pre cipitate of parahaematin was filtered and thoroughly washed with dis tilled water until free from alcohol. The washed precipitate was suspended in a small volume of water and n /1 NaOH added until a viscous red solution was obtained (pH 11-1T5). After standing for 20 min. at room temperature the solution of alkaline methaemoglobin was brought to pH 6-5 with n /10 HC1. The denatured protein was thus precipitated, and the strong solution of methaemoglobin, completely free from oxyhaemo globin, could be preserved unchanged for several weeks. The iron solution and potassium oxalate are the same as for the oxyhaemoglobin method. The mixture is made in the same manner using methaemoglobin instead of haemoglobin.
The mixture was placed in an open tube 1-5 cm. in diameter and illuminated after the addition of 0-4 c.c. of a chloroplast suspension. Methaemoglobin and oxyhaemoglobin of known concentration were placed in the cups of the colorimeter. The experiment is followed by reading the concentration of oxyhaemoglobin formed. The Q0i value is arrived at in the same way as for the oxygen method, only is here divided by a factor of 4. A typical experiment is shown in figure 2 giving the rate of oxyhaemo globin production for four different light intensities; it will be noticed that the points lie on straight lines. Methaemoglobin requires 1 equivalent of hydrogen for its reduction to haemoglobin, while the oxygen combined as oxyhaemoglobin is equal to 4 equivalents of hydrogen per Fe. This is represented as follows:
4Fe'" -> 4Fe" + 0 2, 4Fe" + 4MetHb -> 4Fe' ' * + 4Hb, 4Hb + 402 -> 4Hb02.
Thus 4Hb02 measured represents 4 atoms of Fe reduced and is equivalent to 1 0 2 formed by the chloroplasts, and the Hb02 is derived from the The reduction of ferric oxalate by isolated atmospheric oxygen in the fluid. In all tables, etc., the unit of concen tration is gram atoms of iron per litre.
Blood methaemoglobin, more easily prepared, is less reactive towards ferrous potassium oxalate than muscle methaemoglobin. With concentra tions of Hb 0-8 x 10~4 and F e " ' 4 x 10-4 and chloroplasts 0-4 c.c., the Q0 with blood MetHb was 3*6, with muscle MetHb 7-9. tim e (sec.) 
Conditions a f f e c t in g chloroplasts
(a) Storage of suspensions The chloroplasts of S. media after isolation in sucrose phosphate buffer will keep their activity as measured by the methaemoglobin method for some time. Their ability to reduce ferric oxalate in light is, however, very labile; it is lost by mechanical agitation, e.g. after 6 min. shaking no activity or only very feeble activity could be detected. Boiling results in a complete loss of activity. On the other hand, they can be kept in a tube from which most of the oxygen has been removed without losing more activity than they would in air. No change in appearance could be seen when complete loss of activity had occurred. The loss of activity of chloro plasts on keeping is shown in figure 3 . The linear nature of the initial loss of activity with time allows a correction to be made when a series of experiments is performed with the same sample of chloroplasts over a period of If hr. It was noticed that chloroplasts of S. media plants from different localities showed different rates of loss of activity. Seeds col lected from plants growing in these localities were sown and the plants grown under similar conditions in a greenhouse. The differences of rates of loss of activity were still found and are shown in figure 3 . The strains are designated Q, K, H, N, and it is seen from the figure that the strain Q keeps its activity best; this strain was used for the experiments. Figure 4 shows the effect of varying chloroplast concentration at three concentrations of methaemoglobin. The values for the are plotted against the log10 of the chloroplast concentration expressed as the molarity of the chlorophyll (a + b) present. The Q0i is seen to rise with diminishing chloroplast concentration, but in extremely dilute suspensions the values, as would be expected, fall off in an irregular manner. These results show that even with very little chlorophyll present (the fluid being only faintly coloured green) the Q0i still rises with dilution of the pigment, so that a condition of light saturation has not been reached in our present in vestigation.
(c) Methaemoglobin concentration The effect of varying the concentration of methaemoglobin is shown in figure 5 . For high concentrations of methaemoglobin a cell filled with an optically equivalent strength is inserted in the light passing through the log10 chlorophyll concentration colorimeter cups, to correct for the excess of methaemoglobin over the oxyhaemoglobin contained in the lower cup. The Q0i rises with increasing concentration of methaemoglobin until the light intensity in the solution is reduced by the absorption of the methaemoglobin. At this point the blank experiment (without chloroplasts) is reduced nearly to zero, while the Q0 i of the chloroplasts does not rise any higher. The rise of observed on increasing the concentration of methaemoglobin is due to the fact that the reaction between ferrous iron and methaemoglobin is a slow reaction. The velocity of the reaction Fe " + MetHb -> Fe " ' + Hb can be measured when oxygen is present by adding a ferrous salt to a buffered solution (pH 7-9) of methaemoglobin containing oxalate and directly observing with a stopwatch the rate of change in intensity of the oxyhaemoglobin spectrum, as in the case of the experiments with chloro plasts. By the mixing of 4 x 10-4 Fe" with a solution of methaemoglobin 1 x 10~4 a velocity constant for the appearance of oxyhaemoglobin of 0-6 mol.-1/sec. is obtained. This is a very slow reaction compared with the combination of muscle haemoglobin with oxygen which was found by Millikan (1936) to be 19,000 mol._1/sec. If the experiments on the re duction of methaemoglobin by ferric iron and chloroplasts are performed in intermittent light the Q0i observed is thereby raised. The following experiment (table 1) with a low rate of flashing illustrates the effect.
T a ble 1. I n t e r m it t e n t lig h t and th e r ed u c t io n of METHAEMOGLOBIN BY CHLOROPLASTS M etH b 1 x 10-4, Fe"* 6 x 10-4, lig h t period 1/9 x d ark period. 21 flashes per sec.
$o2
C ontinuous light 18,600 lux 4-1 L ig h t decreased to 1/9 b y screen 0-9 L ight decreased to 1/10 b y ro ta tin g sector 2-7 (d) Ferric oxalate concentration The effect of increase in iron concentration on the ferric oxalate reaction as measured by the evolution of oxygen shows no regular increase of Q0a. The results of experiments at higher concentrations of iron than 6 x 10~4 were inconsistent.
When the reduction of methaemoglobin is measured the rate of reduction increases regularly with Fe'" at low concentrations. With high iron con centrations the activity of the chloroplasts appears greatly reduced, and at the same time there is a large blank-that is, the methaemoglobin is reduced in light without chloroplasts being present. Ferric oxalate itself is broken up by exposure to light forming ferrous iron at the expense of organic material present. At the usual low concentrations of iron used in the experiments this effect of light on ferric oxalate itself is negligible compared with the rate of reduction of iron catalysed by the chloroplasts. The illumination of strong ferric potassium oxalate, however, has been found to have a destructive effect on haemoglobin when it is present as shown by the formation of a precipitate of denatured protein. This destructive effect on protein would explain the falling off in activity of the chloroplasts in high concentrations of ferric oxalate. Table 2 shows the results, and it is clear that when the blank experiment without chloro plasts begins to increase the activity of the chloroplasts is reduced. In order to make comparison easy, the reduction of methaemoglobin without chloroplasts in the controls has been expressed as a Q0i calculated on the basis of the chloroplasts used in the experiments.
(e) Temperature Rise in temperature increases the activity of the chloroplasts measured by both the haemoglobin and methaemoglobin methods, as shown in tables 3 and 4 respectively. The effect of temperature appears greater for the reaction involving the reduction of methaemoglobin. Direct experi ments showed that on adding ferrous potassium oxalate to methaemoglobin the rate of reaction increases with rise of temperature, and this would therefore account for the higher Qw observed for the ferric oxalate reaction measured by methaemoglobin. These results, however, are both concerned with the effect of temperature change on the reagents used rather than on the activity of the chloroplasts. In this case, as in the last section, the reagents used complicate effect of varying pH. The maximum activity seems to be reached at pH 8; more alkaline than this the activity of the chloroplasts is destroyed. On the acid side the activity measured falls to half its value at pH 6*5 and to zero in the region pH 5-6. Vol . I2Q. B.
(g) Light intensity
The effect of varying light intensity on the ferric oxalate reaction as measured by oxygen production is shown in table 5. The results are sum marized in the graph (figure 6). Owing to the ease with which the chloroplasts are injured by mechanical means, the upper limit of values may be nearer the actual form of the light curve than the mean values. In the case of the reaction measured by the reduction of methaemoglobin there is less agitation of the chloroplast suspension and the results show less variation, although the actual Q0z values are lower; this is shown in figure 7 and table 6. 
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M ean 17-5 13-7 8-9 3-6 T a ble 6. L ig h t in t e n s it y and r ed u c t io n of m ethaem oglobin M etH b 0-7 x 10~4, F e " ' 4 x 10~4, chloroplasts 0-4 c.c. The figures refer to Q0y.
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The form of the curves obtained when Q0i is plotted against light intensity shows similarity to those obtained by various workers on the assimilation of the living plant (Smith 1936) . The position of the curve in relation to light intensity lies in the range of values found with different plant materials. There is one point of difference, that in both methods, i.e. oxygen production and the reduction of methaemoglobin, the curve is never parallel to the axis even at the high light intensity used. In the experi ments with progressive dilution of chloroplasts at a high light intensity (figure 5) it was found that the Q0s continued to rise, showing that under our conditions the state of 'light saturation' was not reached. (h) Inhibition by urethane Whereas sodium azide, fluoride, cyanide, and hydroxylamine have no effect on the evolution of oxygen from ferric oxalate by chloroplasts (Hill 1939) , urethane has a marked inhibitory effect. The inhibition increases with time of keeping the chloroplasts in urethane. With 3 % ethyl methane the inhibition is reversible, but with 10% ethyl urethane the chloroplasts appear swollen, lose their silky appearance when in suspension, and do not return to normal after removal from urethane. The inhibitions produced by ethyl and phenyl urethanes are shown in tables 7-10. A standard time of incubation with urethane of 6 min. was chosen.
The reduction of ferric oxalate by isolated
T a ble 7. E t h y l u r e t h a n e and ev o lu tio n of oxygen H b 0-7 x 10-4, IV 4 x 10-4, chloroplasts 0-4 c.c. F resh suspension prepared for each p a ir of experim ents.
E th y l u re th a n e cone.
In h ib itio n % Qo, % T a ble 8. P h e n y l u r e t h a n e and EVOLUTION OF OXYGEN H b 0*7 x 10~4, F e " ' 4 x 10~4, chloroplasts 0-4 c.c. F resh suspension prepared for each p air of experim ents.
P h en y l u re th a n e cone. In h ib itio n % Qo2 % Phenyl urethane inhibits the chloroplast reaction in much lower con centrations than ethyl urethane. This is in agreement with the inhibition of photosynthesis found by Warburg (1919 Warburg ( , 1920 for a homologous series of urethanes (table 11) .
T a ble 9. E t h y l u r e t h a n e and r ed u c t io n of m etha em og lobin M etHb 1 x 10-4, F e " ' 4 x 10-4, chloroplasts 0-4 c.c. Suspensions were k ep t for several experim ents an d corrected for loss of a c tiv ity on standing. The correction is based on loss of a c tiv ity a t th e ra te of 0-6 Q0n per hour.
E th y l u reth an e cone. Tim e Q o2 uninhibited The activity of isolated chloroplasts of Stellaria media has been measured by two methods. The first method involves the direct measurement as oxyhaemoglobin of molecular oxygen produced by the system. The second method is the indirect measurement of the iron reduced through its reaction with methaemoglobin. The second method is preferable from an experi mental point of view, but it gives lower values for the activity of the chloroplasts than the measurement of oxygen. The low values of activity were shown to be due to the slowness of the reaction of ferrous oxalate and methaemoglobin, so that it is this reaction which limits the rate observed. This is seen in the measurements of urethane inhibition; the activity measured by evolution of 0 2 appears more sensitive to the in hibitor than when measured by the reduction of methaemoglobin by ferrous oxalate. The inhibitor then must act on the mechanism producing molecular oxygen and causing the reduction of ferric oxalate.
It has been thus shown that the ferric oxalate reaction of chloroplasts has certain of the characteristics of the photochemical reaction in carbon assimilation. Further the photochemical activity of the isolated chloro plasts of S. media has been shown to be relatively high. Calculated on the basis of the dry weight of leaves, the maximum positive Q0i obtained is above 20. In this reaction with ferric potassium oxalate the molecular oxygen produced is measured directly by means of haemoglobin. Molecular oxygen is one of the products of normal photosynthesis and also is not a common product of photochemical reactions.
It is therefore assumed that the measured activity of the system in the isolated chloroplast responsible for the production of oxygen in light represents a part of the process of normal photosynthesis.
The ferric oxalate reaction with chloroplasts resembles photosynthesis in producing molecular oxygen but differs essentially in that carbon dioxide does not act as a hydrogen acceptor. The inhibition by urethane is closely similar for photosynthesis in chlorella cells and isolated chloroplasts of Stellar ia ; cyanide and hydroxy lamine, while they inhibit photosynthesis, do not prevent the production of oxygen with ferric oxalate. If, then, the ferric oxalate reaction corresponds with the photochemical reaction these facts are in agreement with the conclusions of Warburg from his work on Chlorella: urethane affected the photochemical reaction while cyanide affected the dark reaction in which carbon dioxide was involved. The new conclusion that can be drawn from the work on isolated chloroplasts is that oxygen itself is formed in a photochemical reaction during which there is no reaction involving carbon dioxide.
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